In cystic fibrosis (CF), airway inflammation causes an increased production of reactive oxygen species, responsible for degradation of cell membranes. During this process, volatile organic compounds (VOCs) are formed. Measurement of VOCs in exhaled breath of CF patients may be useful for the assessment of airway inflammation. This study investigates whether "metabolomics' of VOCs could discriminate between CF and controls, and between CF patients with and without Pseudomonas colonization. One hundred five children (48 with CF, 57 controls) were included in this study. After exhaled breath collection, samples were transferred onto tubes containing active carbon to adsorb and stabilize VOCs. Samples were analyzed by gas chromatography-time of flight-mass spectrometry to assess VOC profiles. Analysis showed that 1099 VOCs had a prevalence of at least 7%. By using 22 VOCs, a 100% correct identification of CF patients and controls was possible. With 10 VOCs, 92% of the subjects were correctly classified. The reproducibility of VOC measurements with a 1-h interval was very good (match factor 0.90 Ϯ 0.038). We conclude that metabolomics of VOCs in exhaled breath was possible in a reproducible way. This new technique was able to discriminate not only between CF patients and controls but also between CF patients with or without Pseudomonas colonization. (Pediatr Res 68: 75-80, 2010) 
A irway inflammation plays a central role in the pathophysiology of various chronic lung diseases, such as cystic fibrosis (CF), asthma, and chronic obstructive pulmonary disease (COPD). Diagnosing CF is possible at any age, but it is far less simple to diagnose early pulmonary disease in CF patients, particularly in young children. It is known that there is a poor correlation between airway inflammatory processes and respiratory symptoms (1) . Airway infection and inflammation can be present before clinical symptoms are evident. Thus, monitoring of airway inflammation/oxidative stress in CF may be useful in clinical practice.
There has been an increasing interest in noninvasive assessment of airway inflammation and oxidative stress in chronic lung disease. The collection of bronchoalveolar lavage (BAL) fluid or lung biopsies is invasive and, therefore, cannot be applied very easily in children. Noninvasive techniques include measurement of nonvolatile inflammatory markers in exhaled breath condensate and measurement of volatile inflammatory markers in exhaled breath. Fractional exhaled NO (FeNO), carbon monoxide (CO), ethane, and pentane are the most studied volatile markers (2, 3) , of which FeNO is most standardized (4). In contrast to assessments of preselected inflammatory markers, it is possible to assess profiles of volatile organic compounds (VOCs) in exhaled air.
An increased production of reactive oxygen species (ROS) is caused by the influx of leukocytes, which continuously produce ROS, leading to an imbalance between oxidants and antioxidants (oxidative stress) (5) (6) (7) (8) . ROS can degrade cell membranes by lipid peroxidation. During this process, VOCs are formed as a result of the degradation of polyunsaturated fatty acids. Endogenous VOCs can be divided into hydrocarbons-, oxygen-, or sulfur-containing compounds and nitrogencontaining substances (9) .
Analysis of VOCs in exhaled air is possible by using a gas chromatography-time of flight-mass spectrometer (GC-TOF-MS). This technique is highly sensitive and capable of detecting a wide range of VOCs. A predictive model using nine VOCs was sufficiently sensitive and specific to be considered as a screening tool for lung cancer (10) .
The aim of this study was to investigate whether metabolomics of VOCs in exhaled breath was able to discriminate between young subjects with CF and healthy controls and between subgroups of CF patients (with or without Pseudomonas colonization). It is well known that Pseudomonas colonization of the lung is associated with a less favorable prognosis of CF. The reproducibility of the method, as well as the nature and background of the most discriminating compounds, were studied.
METHODS AND MATERIALS
Subjects. One hundred five subjects aged 5-25 y were included in this cross-sectional study: 48 subjects with a CF diagnosis and 57 control persons. The CF population was recruited from the outpatient clinic of the University Hospital Maastricht, the Netherlands. CF was defined as a combination of typical clinical features and an abnormal sweat test (chloride Ͼ60 mM).
Children with CF and/or their parents completed the Shwachman-Kulczycki questionnaire, enabling classification of the CF disease status (11) . The control group consisted of children without any (history of) respiratory problems, as confirmed by the ISAAC questionnaire (12) . Thirty-six (63%) control children were recruited from primary schools, whereas 21 (37%) subjects were included at the outpatient clinic where enuresis nocturna and constipation were the initial reasons for consultation. At the moment of this study, these children were all stable with no signs of infection or any somatic disturbance. We checked the homogeneity of the control group by comparing children recruited from primary schools and outpatient clinic and found no significant differences in VOC patterns between these children (one-way ANOVA tests, p Ͼ 0.108). Exclusion criteria for both CF and control children were as follows: 1) patients with mental retardation; 2) active smokers; 3) (congenital) heart disease; 4) technical inability to perform the measurements; and 5) patients with an acute respiratory infection.
Informed consent to participate was obtained from the parents of all children participating in this study. The Ethics Committee of the Maastricht University approved this study. The clinical trial registration number is NCT 00413140.
Sampling. Subjects were asked to exhale into a resistance-free polycarbonate (plastic) bag (Tedlar bag; SKC, Dorset, United Kingdom). Severe physical exercise before the test was not permitted. At least three exhalations were necessary to fill the 5-L bag. Within 1 h after collection of the sample, the bag was emptied over a stainless steel two-bed sorption tube, filled with carbograph 1 TD/Carbopack ϫ (Markes International, Llantrisant, Wales, United Kingdom). Before and after loading, the tubes were airtight capped. The desorption tubes were stored at room temperature until analysis.
Analysis. Analysis of the samples started with releasing the volatile compounds trapped on the sorption tubes by thermal desorption, using the Markes International Ultra-Unity automated thermal desorption (ATD) equipment (Markes International). The gaseous mixture of released compounds was then split; 90% of the sample was recollected on a second sorption tube and stored for a possible second analysis, 10% of the sample was loaded onto a cold sorption trap (5°C; Markes U-T2GPH: general purpose hydrophobic trap, designed for sampling VOC C4-C32), from which it was injected into a GC (Trace GC; ThermoFischer Scientific, Austin, TX) and analyzed by TOF mass spectrometry (Tempus Plus; ThermoFischer Scientific). For the GC-MS measurements, the following conditions were used: column: Restek RTX-5 ms, 30 m ϫ 0.25 mm ID; helium was used as the carrier gas at a flow rate of 1.5 mL/min. Transferline temperature was 250°C. The temperature of the GC was programmed as follows: 40°C during 5 min, then raised with 10°C/min until a final maximum temperature of 270°C. In the final step, this temperature was maintained for 5 min. The MS was set as follows: ionizing energy 70 eV, source temperature 200°C at a scan of 5 Hz.
Data analysis. The GC-MS chromatograms of the breath samples of the 105 subjects involved in this research were recorded and corrected for retention time differences, using retention indices and lining up of easily recognizable component peaks. Corrected retention times were based on 6 -10 common components with high intensities (e.g., acetone, toluene, phenol, and benzene). The parts of the chromatograms that occurred at a retention index Ͻ0.15 and at a retention index Ͼ2.8 were removed from the chromatograms because of unreliable data from these parts as a result of noisy mass spectra at the beginning of the chromatograms and column bleeding at the end of the run. The resulting data files were carefully combined. This was done by means of combination of identical compounds from different samples. Compounds were combined based on similarity of mass spectra and retention times. This resulted in a final database file containing almost 6000 different chromatographic peaks. The total surface below the breathogram was set at 100%. The intensity of a specific VOC corresponds with the surface below that peak. The resulting database was used for statistical analysis.
Data mining. To determine which compounds were of interest with regard to the classification of CF patients and controls, we used stepwise discriminant analysis, using SPSS (SPSS, Chicago, IL). An attribute (VOC) was only included in the discriminant analysis if its prevalence was 7% or more within the study population. Discriminant analysis was assessed with the grouping variables "diagnosis" (CF, n ϭ 48; controls, n ϭ 57), and "positive Pseudomonas aeruginosa cultures" (yes, n ϭ 23; no, n ϭ 17). To exclude bias by different CF treatments (use of an antibiotic, a corticosteroid, or DNase), VOC patterns of patients with or without this treatment were compared. The homogeneity of the control group was assessed by comparing VOC patterns between children selected at the primary school and the subjects recruited at the outpatient clinic. The quantification of the similarity between the VOC profiles was done by means of calculation of a "distance measure" (dot product rule) or match factor, as been described in detail by Stein and Scott (13) . This distance measure is based on the similarity of the entire raw chromatogram. A value of "1" denotes identical samples, the lower the value the lesser the degree of similarity. Values of 0.8 and more can be characterized as very good agreement (13) .
Lung function tests. Lung function tests were performed after exhaled breath sampling. Bronchodilator medication was stopped before lung function testing: short-acting bronchodilators at least 8 h before, and long-acting bronchodilators at least 36 h before the test. Dynamic spirometry was performed by means of a pneumotachograph (Flowscreen; Viasys, Hoechberg, Germany), with measurement of forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC), according to the standards of the European Respiratory Society (14) . The highest values of FEV 1 and FVC of three forced expiratory maneuvers were used for data analysis. In CF patients, the bronchodilating response was assessed 15 min after administration of a shortacting bronchodilator [salbutamol (400 g] and expressed as the increase in FEV 1 compared with the predicted value of FEV 1 . In addition, in the CF population, static lung volumes, residual volume (RV), intrathoracic gas volume (ITGV), and total lung capacity (TLC), were assessed by body plethysmography (Viasys).
Statistical analysis. All data are expressed as mean Ϯ SE. A normal distribution was present for all patient characteristics. Therefore, two-sided independent-sample t tests were used for the analysis of the subject characteristics; p-values of Ͻ0.05 were considered statistically significant. To analyze the VOC profiles, 10 times cross-validation with multiple discriminant analysis was used to minimize type III errors (15) . Of 10 subsamples, 9 subsamples are used as a training set, and the remaining single subsample was used to test the model (validation set). The cross-validation process was repeated 10 times, with each of the 10 subsamples used once as the validation data. The 10 results were averaged to produce a single estimation.
Discriminant analysis was applied to the following: 1) investigate differences among groups; 2) determine the most parsimonious way to distinguish among groups; 3) discard variables that are of little interest related to group distinctions; 4) classify cases into groups; and 5) test theory by observing whether cases are classified as predicted.
Reproducibility and influence of breathing pattern. The influence of the breathing pattern (unforced breathing pattern vs hyperventilation) on VOC profiles and the variation in VOCs across the day and between days was analyzed in 15 healthy control children aged 5-15 y (mean Ϯ SD, 15.5 Ϯ 3 y). Sampling of VOCs was applied during an unforced breathing pattern (conform the entire study population), during hyperventilation, after 1 h, and after 1 d.
Power analysis. We assume a minimal sensitivity of at least 70% for a potentially valuable inflammatory marker. The SE of the sensitivity and the specificity of an inflammatory marker will be less than 5% when 100 children (50 children with CF and 50 controls) are recruited for this study.
RESULTS

Population characteristics.
Subjects with CF were characterized by a light to moderate airway obstruction, air trapping, and a mild restrictive impairment in comparison with controls (Tables 1 and 2 ). In the CF group, 49% of subjects had positive cultures with P. aeruginosa in the past 2 y, and 8 persons (17%) showed a history of allergic bronchopulmonary aspergillosis (ABPA). The mean Ϯ SE time between sputum collection and breath sample collection was 50 Ϯ 62 d. Patients were mainly treated with antibiotics, antacids, DNase, and corticosteroids (Table 2) . Exhaled breath collection. All subjects completed the maneuver correctly. No adverse effects were reported during the exhaled breath collection. VOC profiles. Approximately 6000 different VOCs were identified in the chromatograms of the entire study population (Fig. 1) . After selection of attributes with a prevalence of at least 7%, 1099 VOCs were included in the analysis (16) .
Variation across the day and between the days. Distance measure calculation of all complementary files within 1 h resulted in a mean Ϯ SD match factor of 0.90 Ϯ 0.038. Similarity of VOC profiles after 1 d was 0.85 Ϯ 0.096. These data indicate a low within-subject variation in VOC patterns after 1 h and after a day.
Influence of breathing patterns. Samples were assessed with an unforced breathing pattern and during hyperventilation. Characteristics are shown in Table 3 . The match factor (mean Ϯ SD) of these breathing patterns was 0.95 Ϯ 0.043, which indicates minimal influence of breathing pattern on VOC profiles.
Discriminant analysis: diagnosis of CF. It was possible to assess distinctive VOC profiles, which discriminated between CF children and controls. Based on 10 times cross-validation, a 100% correct classification of CF patients and controls was found using 22 attributes or more (Figs. 2 and 3) . The sensitivity, specificity, and percentage of correct classification in- The percentage of correct classification of CF with increasing numbers of attributes using discriminant analysis. The discriminant analysis was performed using 10 times cross-validation. An attribute was only included in the analysis if its prevalence was 7% or more within the study population. This figure shows a 100% correct classification of CF patients and controls with use of 22 attributes or more. The sensitivity of the models assessed with 1-26 attributes ranged from 58 to 100% (छ). The specificity of these models ranged from 91 to 100% (f). Data are given as mean Ϯ SE except were indicated otherwise. * A child was considered allergic when the total IgE level exceeded 20 kU/L and/or the Phadiatop was positive and/or the radioallergosorbent test (RAST) had two or more allergens Ն class 2.
† Reversibility is defined as the presence of an increase in FEV 1 of 9% of predicted value or more after inhalation of 400 mg salbutamol (23). creased with increasing attributes in the analysis. The specificity of the models with 1-26 attributes ranged from 91 to 100%, with a corresponding sensitivity of 58 -100%. Identification of the 10 most important discriminating VOCs was possible in all cases (Table 4) . Six of these VOCs were classified as hydrocarbons with 4 -16 carbon atoms. Figure 4 shows the mean relative intensity of the 10 most prominent attributes, which discriminated children with CF from healthy controls. All attributes were not significantly different between CF children with of without the use of antibiotics, corticosteroids, and DNase use (p Ͼ 0.130, one-way ANOVA). In the control group, there was no significant difference in between the subjects recruited from the primary school or the children from the outpatient clinic with initial complaints of constipation or enuresis nocturna. As acquisition of P. aeruginosa in the sputum is associated with increased morbidity and mortality, we were interested in VOC profiles of CF subjects with and without positive cultures of Pseudomonas. Within the CF group, it was possible to identify patients with or without positive P. aeruginosa cultures 100% correctly by means of 14 VOCs in exhaled breath (Fig. 5) .
DISCUSSION
This study showed that metabolomics of VOCs in exhaled breath of young subjects with CF and healthy controls was possible in a reproducible way, resulting in a 100% correct classification rate by using 22 compounds. Moreover, it was possible to discriminate between CF patients with or without positive P. aeruginosa cultures, a factor which is clearly associated with CF prognosis. The discrimination between CF and controls was mainly based on C5-C16 hydrocarbons and N-methyl-2-methylpropylamine. This study showed good feasibility of exhaled breath collection in 5-L Tedlar bags in children of 5 y and older. More than 1000 different VOCs could be measured in exhaled breath of CF patients and controls with prevalence in the two groups of at least 7%, with good short-term and long-term reproducibility. Breathing patterns did not influence VOC profiles significantly. The match factor, based on a distance measure implementing the dot product rule, was applied to establish the degree of similarity between measured chromatograms (13, 17) .
We acknowledge some limitations in this study: Variance of data are influenced by a large range of patient-related and technical factors, therefore, there should be some caution in identifying biomarkers. It is of great importance to correct for the selection bias. Ambroise and McLachlan described how selection bias can be assessed and corrected. They recommend 10-fold rather than leave-one-out cross-validation to handle overestimation of the results. Therefore, 10-fold crossvalidation was applied in our study (17) . Although 10 times cross-validation is a valid method to prevent overestimation of the predictive value of markers, external validation in a control population of patients and controls is necessary in a second stage to further validate the results. The control group in this study was significantly younger that the CF group. This probably did not bias our results as no significant influence of age was found in the discriminant analysis.
As reported previously by van Berkel et al. (18), we did not correct our measurements for chemical background appearing Pseudomonas aeruginosa cultures in sputum of CF patients with increasing numbers of attributes using discriminant analysis. The discriminant analysis was performed using 10 times cross-validation. This figure shows a 100% correct classification of CF patients with and without positive Pseudomonas aeruginosa cultures in sputum with use of 14 attributes or more. The sensitivity (छ) of the models assessed with 1-24 attributes ranged from 34 to 100%; the specificity ranged from 29 to 100% (f). in the samples. This is because of the fact that it will not be possible to correct for the complex interdependencies between excretion and uptake of VOCs by easily subtracting the inhaled from the exhaled air. Moreover, background noise will be randomly distributed between subjects' samples and would, thus, neither exert any discriminatory power nor interfere with the outcome of the analyses. We are aiming with discriminative analysis to select only those compounds that are specific for the disease or condition and should, thus, principally not depend on background chemicals.
In the past few years, there has been increasingly interest in presence of VOCs in exhaled breath of patients with chronic lung diseases. Phillips et al. (10, 19) assessed VOCs in exhaled air by means of ATD-GC-MS and classified patients with and without lung cancer, based on 9 -22 VOCs. In addition, they studied the potential of VOCs to differentiate between 42 patients with a suspicion of pulmonary tuberculosis and 59 controls, and tuberculosis patients with and without bacterial sputum colonization. These classifications were possible with high sensitivity and specificity (20) .
In 2006, Barker et al. (21) studied 12 specific VOCs by means of a customized GC in CF patients and controls. They reported a significant lower level of dimethyl sulfide (DMS) in CF patients compared with controls. However, DMS was not identified as an important discriminating component in this study. Other methods to measure VOCs are sensor systems such as the electronic nose, based on chemical vapor arrays responding to VOCs, and colorimetric sensor arrays. These methods were applied to detect lung cancer (22, 23) . In contrast to VOC assessment with GC-TOF-MS, the electronic nose consists of a nano-composite array of 32 organic polymer sensors. This is a limitation as the significance of specific VOCs for specific lung diseases is not established yet. First, it is important to specify the VOCs important for a specific disease or a specific question (VOCs important for diagnosis may not be the same ones that appear to be important for disease monitoring). In a second stage, when the relevant VOCs are defined, sensor systems such as the electronic nose might be very helpful, as they are rapid, easy to use, and not very expensive.
Currently, diagnosis of pulmonary CF exacerbations and monitoring of disease activity are mainly based on clinical features and lung function tests. These parameters reflect changes in the functional abnormalities in the airways by infective and inflammatory processes, instead of the inflammation itself (24) . Therefore, inflammation may be present before clinical parameters change, introducing a time delay between the onset of a pulmonary CF exacerbation and the start of treatment. Persistent inflammation and repeated cycles of infection are present in CF lungs, resulting in progressive lung damage and pulmonary fibrosis (25) . Even in stable patients, chronic airway inflammation is present, as reflected by high airway fluid concentrations of proinflammatory cytokines (26) . Analysis of BAL fluid has shown a 1.000-fold increase in the number of neutrophils from the lungs of patients with CF compared with controls (27) .
We hypothesize that VOC profiles may be helpful in the early detection of a CF exacerbation even before symptoms occur and lung function deterioration is present and the decision to stop antibiotic treatment in patients recovering from an exacerbation. However, this should be the subject of future longitudinal studies. Based on this study, metabolomics of VOCs in exhaled breath discriminate between CF patients and controls. Dallinga et al. and Dragonieri et al. showed that VOCs could discriminate between children and adults with asthma and healthy controls (5, 6) . In addition, Fens et al. showed good discrimination between asthmatics and patients with chronic pulmonary obstructive disease by means of the electronic nose (8) . Therefore, the hypothesis is that these markers may be of additional value to study ongoing processes of airway inflammation and oxidative stress, in addition to lung function and symptoms. As we were interested in the earliest stages of CF lung disease, the CF population of our study had mild to moderately severe pulmonary CF disease. It is not clear whether the results of this study can be generalized to more severe CF. This study showed good feasibility and safety of VOC collection in children. This is an advantage when compared with invasive methods like biopsies, BAL, and induced sputum. The short-term reproducibility of VOCs was excellent. We expect an even higher reproducibility of a typical VOC pattern, because not only the absolute values but also the values of the spikes relative to each other are important for the reproducibility of a specific pattern. However, this will be the subject of future studies. The objective of this study was to identify VOC profiles of CF disease and control children and to specify which VOCs are important in CF. In our study, products of inhaled medication or their derivatives, such as tobramycin or corticosteroids, were not recovered in exhaled breath and, therefore, did not contribute to the discrimination.
By means of VOC profiles, we were able to differentiate between CF patients with or without positive cultures for P. aeruginosa. This result was consistent, although other microorganisms may be concordantly present in the airways of patients, and a certain time period between collection of sputum samples and the sampling of VOCs was present in some subjects.
Future research on VOCs in exhaled breath should be focused not only on clinical questions but also on methodological issues such as the influence of diet and exercise on VOCs. In addition, VOC profiles should be studied in longitudinal studies to investigate the additional value of VOC measurements to conventional parameters such as symptoms, lung function indices, and sputum analyses. Assessment of VOCs in exhaled breath is a new, promising, noninvasive technique, which, in addition to conventional parameters, can be used to study airway inflammation and oxidative stress in CF patients.
